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[57] ABSTRACT

A sequence of temporally-spaced radiant energy pulses
are applied to the front surface of the sample and the
heat rise caused by each thermal pulse is measured at
the second surface using a suitable thermocouple or
infrared sensor. The temperature rise data for each

pulse is digitized and stored 1n a two-state memory

device such as a random access memory. The data from
each successive pulse is coadded and statistically pro-

cessed by averaging to derive a set of favored values
indicative of the temperature of the sample as a function
of time. The favored values data is further processed
using a least squares curve fitting algorithm to deter-
mine a numerical value indicative of the diffusivity of
the sample.

8 Claims, 3 Drawing Sheets
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1

LASER FLASH THERMAL CONDUCTIVITY
APPARATUS AND METHOD

BACKGROUND AND SUMMARY OF THE
INVENTION

The present invention relates generally to thermal
diffusivity measurement using laser flash techniques.
More particularly, the invention relates to an improved
laser flash apparatus and method which provides high
accuracy at comparatively low laser power levels, so
that the sample under test, and any coating applied
thereto, are not appreciably degraded or damaged dur-
ing the test. :

In many industries, particularly in the materials in-
dustries, there is 2 need to accurately measure thermal
diffusivity. In the semiconductor industry, for example,
thermal diffusivity is an important factor in designing
new substrate materials to conduct heat away from
electronic components. Ceramic materials are becoms-
ing increasingly popular in this application, since these
materials can demonstrate comparatively high thermal
conductivity with comparatively low electrical conduc-
tivity. In developing new ceramic materials with high
thermal conductivity the ability to quickly and accu-
rately measure thermal diffusivity is quite important.
With accurate and conveniently obtainable diffusivity
data the ceramic engineer or scientist can more readily
experiment with new formulations and fine-tune exist-
ing formulations for optimal thermal conductivity.

The flash method described by Parker in “Flash
Method of Determining Thermal Diffusivity, Heat Ca-
pacity, and Thermal Conductivity,” Journal of Applied
Physics, 32(8), pages 1679-1684 (1961), W. J. Parker, R.
J. Jenkins, C. P. Butler and G. L. Abbott, remains the
most commonly used technique for measuring thermal
diffusivity.

Briefly, the Parker method employs a thermal pulse
source in the form of a flash tube (lasers are commonly
used today) to apply a thermal pulse to one surface or
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In implementing the Parker flash method care must
be taken to prevent the initial heat puise of the radiant
energy source from directly illuminating the sensor,
since this could alter the ability of the sensor to accu-
rately respond to the temperature rise as it diffuses or
propagates through the sample. With completely
opaque samples careful masking is generally sufficient
to prevent direct sensor illumination. However, translu-
cent or transparent materials present a problem. Direct
optical illumination of the sensor through the sample
can disturb the sensor reading and obfuscate the rele- .
vant temperature rise data.

One proposed solution has been to coat the translu-
cent or transparent sample with an opaque material.
Another solution has been to restrict testing to samples
of sufficient thickness such that optical transmission
through the sample is greatly attenuated. Both of these

~ approaches have been far from satisfactory.
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portion of the sample under test. The thermal pulse .

propagates through the sample, manifesting itself as a
temperature variation in the sample over time. A tem-
perature sensor, such as a thermocouple contact sensor
or an Infrared noncontact sensor, senses a temperature
rise on the rear surface or portion of the sample, which
1s indicative of the thermal diffusivity of the sample.
The sensor output is fed to an oscilliscope to which a
camera is attached for photographing the oscilliscope
waveform. The waveform represents the temperature
variation as a function of time. Diffusivity is then calcu-
lated based on the one-half time (t3), that is, the time
taken for the temperature to rise halfway between the
ambient starting temperature and the final temperature,
as revealed in the photograph of the oscilloscope wave-
form. The relationship between one-half time and diffu-
sivity may be expressed by the following equation:

013972 (0

4

g
L]

where «a is the diffusivity and L. is the sample thickness.
Thermal conductivity (K) i1s the product is diffusivity
(a), the density (p) and the heat capacity (Cp):

K=aCpp (2)
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Ceramic substrates of the type presently used in the
semiconductor industry are comparatively thin (on the
order of 25 to 40/1000ths of an inch) and are often not
fully opaque at these thicknesses. Optical transmission
through these samples is problematic and can adversely
affect the sensor and alter or disturb the diffusivity data.
Providing the ceramic substrate with a coating of
opaque material will, of course, prevent optical trans-
mission from interfering with the sensor, although there
has been a considerable problem with the laser energy
destroying-the coating and thereby exposing the sensor
to unwanted illumination.

Attempts at lowering the power of the laser have not
heretofore been successful since lowering the laser
power also lowers the heat pulse signal relative to the
noise level of the measurement system. In addition,
most attempts at lowering the laser power have in-
volved lowering the laser power supply excitation,
which changes the pulse shape of the laser and ad-
versely affects the accuracy of the measurement.

The present invention overcomes the coating de-
struction problem by advantageously utilizing a low
power laser as a radiant energy heat pulse source. The
laser employed 1in the presently preferred embodiment
develops an output heat pulse on the order of 0.7 joules,
in contrast with the significantly higher powered lasers
used in conventional flash methods. For example,
Parker used a flash tube dissipating 400 joules of energy
in each flash. A more recent publication described a
modified Parker technique using a ruby laser producing
3 joules of energy. See Yutaka Tada et al., “Laser Flash
Method for Measuring Thermal Conductivity of Lig-
uids-Application to Low Thermal Conductivity Lig-
uids,” Rev. Sci. Instrum., Vol. 49, No. 9, pp. 1305-1313,
September 1978. |

The present invention is able to use inexpensive and
nondestructive low power laser sources by means of a
sophisticated signal processing technique whereby a
plurality of temporally spaced low power radiant en-

ergy pulses are applied to a first portion (e.g. front

surface) of the sample, each pulse causing a temperature
rise to propagate through the sample to a second por-
tion (e.g. rear surface). The temperature rise associated
with each pulse is individually sensed, preferably using
a noncontact infrared sensor, and electrically recorded
as data 1n a two-state memory device such as the ran-
dom access memory of a computer. The data is then
statistically processed to derive a set of favored values
indicative of the temperature of the second portion of
the sample as a function of time. Preferably the statisti-
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cal processing includes signal averaging of the sensed
data. |

In the presently preferred embodiment approxi-
mately 1000 data samples are taken during the relevant

thermal signal (from the onset of the thermal pulse until
approximately three to four t; times thereafter) for each
pulse. A plurality of single shot pulses are applied to the
‘sample in succession and the data acquired after each
pulse is coded and averaged. Although the thermal
pulse signal power at a 0.7 joule output is quite low, the
received signal at the sensor is greatly enhanced by the
statistical processing. This results from the fact that
random signals and noise in the measurement system
~tends to cancel out when averaged over a number of
iterations, whereas the signal of interest resulting from
the heat pulse propagation tends to add constructively
with successive iterations. Thus the statistical process-
ing greatly improves the signal-to-noise ratio and allows
the acquisition of good thermal data using the low
power heat source.

The statistically processed data, representing a set of
~ favored values indicative of the temperature of the
second surface or portion as a function of time, is then
further processed to determine the diffusivity of the
sample. In the presently preferred embodiment a least
squares curve-fitting algorithm is applied to the favored
values data and the curve fit is optimized to the data by
adjusting numerical parameters indicative of the ther-
mal diffusivity. In the preferred embodiment the least
squares curve fit algorithm is used based on the a priori
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assumption that the data will fit a curve defined by the
following equation representing sensor reading as a .

function of time with diffusivity being an adjustable

parameter: -
Sx)y=c+b(1=2exp(—ax)+ 2exp(—4ax)) 3)

where (¢) is the baseline of the curve, (b) is the ampli-

tude of the curve and (a) is directly related to the diffu-
stvity (a) by the equation:

a=a(L/m) (4)

The curve-fitting algorithm as well as the statistical
processing may be performed by a digital computer
with the diffusivity parameter (a) yielding the desired
numerical end result.

For a more complete understanding of the invention,
its objects and advantages, refer to the following speci-
fication and to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a schematic block diagram of the presently

preferred embodiment of the laser flash apparatus, also
useful in understanding the method of the invention:

FIG. 2 1s an enlarged cross-sectional view of an ex-
emplary sample undergoing diffusivity measurement in
accordance with the invention:

FIG. 3 is a plan view of a presently preferred sample
holder useful in practicing the invention:

FIG. 4 1s a cross-sectional view taken substantially
along the line 4—4 of FIG. 3 illustrating the sample
holder in greater detail;

F1G. 3 is a graph of sensor output intensity as a func-
tion of time, illustrating the data after statistical process-
Ing to yield a set of favored values and also illustrating
the curve fit selected by the invention for the illustrated
data from which the diffusivity may be determined.
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DESCRIPTION OF THE PREFERRED
EMBODIMENT

The- presently preferred laser flash apparatus is illus-

- time period which is a function of the rise time of the 5 trated in FIG. 1. A yttrium aluminum garnet (YAGQG)

laser 10 delivers a pulsed thermal energy signal to sam-
ple 12. Laser 10 has an output at a wavelength of 1.06
microns of approximately 0.7 to 1.0 joules per pulse. A
suitable laser for this purpose is the Quantel Model
YG400. The presently preferred laser 10 has two modes
of operation, a higher power Q-switched mode which
delivers approximately 1.0 joules per pulse and a non-Q-
switched mode which delivers about 0.7 to 0.85 joules
per pulse. An optional visible light HeNe laser 14 pro-
vides a beam colinear with the invisible YAG laser
beam via mirror 17 to aid in sample alignment if desired.
A photodiode 19 sampling in front of the sample 12 may
be used if desired to provide a feedback signal to mi-
crocomputer 26 if desired. |

A typical sample 12 may be a thin (less than 2 mm)
disk which is opaque to both the YAG laser and to the
plasma generated on the surface of the sample, provided
with suitable opaque coating if necessary. The sample is
fixed in a holder such as 1.125 inch inner diameter alu-
minum cylinder sample holder 16. Graphite apertures,
are placed immediately in front of and behind the sam-
ple to prevent any stray laser light and plasma gener-
ated light from reaching the detector or sensor 20.

With reference to FIGS. 2, 3 and 4, sample 12 is
preferably held in holder 16 by means of three nylon set
screws 30. The sample 12 is sufficiently thin to permit
set screws 30 to act as spacers which prevent the annu-
lar graphite masks 32 from touching the sample Masks
32 have circular openings 34 through which the laser
beam may illuminate the sample and through which
blackbody emission from the sample may reach the
detector 20.

If required, the sample can be provided with a suit-
able opaque coating to prevent the laser light and
plasma generated at the first surface or portion 36 from
reaching the sensor 20 positioned to monitor the second
surface or portion 38. One presently preferred coating
comprises a layer 40 of sputtered gold deposited on first
surface or portion 36, followed by a layer of sputtered
carbon 42. The second surface or portion 38 may also be
provided with a coating such as a layer of sputtered

~carbon 44.

A 3 inch focal length CaF2 lens 18 collects and fo-
cuses the thermal radiation emitted from the second
surface of sample 12 onto the input aperture of infrared
detector 20. Detector 20 can be an InSb photovoltaic
detector operating at 77° Kelvin. The infrared detector
of the presently preferred embodiment has a peak sensi-
tivity at a wavelength of 6 microns. The typical sample
at room temperature may have a blackbody radiation
energy distribution normally centered about a wave-
length of approximately 10 microns. As the sample
temperature increases in response to the applied thermal
puise, the blackbody radiant energy distribution of the
sample shifts towards the shorter wavelengths. As this
occurs, the infrared detector receives increasingly more
signal at the 6 micron wavelength, thereby giving an
indication of increased temperature. Of course, other
types of sensors and sensors sensitive at other wave-
lengths can be used to suit the particular samples under
test, temperatures and other test conditions. For exam-
ple, a HgCdTe infrared detector can also be used.
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The signal from detector 20 is amplified in matched

preamplifier 22. The output of amplifier 22 is supplied
to an analog processor 23 which further amplifies the
signal. The output of processor 23 is supplied to a tran-
sient recorder 24 which includes analog-to-digital con-
verters for digitizing the output signal. The transient
recorder can be implemented using a Stanford Research
Systems Model SR225.

To reduce the effect of AC noise on the signal devel-
oped by amplifier 22, the sample 12, detector 20, and

preferably amplifier 22 can be enclosed in a metal box -
26, which functions as a Faraday cage. The analog

processor is configured to add the signals from the
infrared detector and a battery power supply. By ad-
justing the voltage of the battery power supply the
background voltage from the detector is nulled to give
essentially a zero reading at the ambient sample temper-
ature prior to subjecting the sample to a thermal pulse.
In this regard, the sample can be maintained at ambient
room temperature, or the cage can be placed in or con-
figured to serve as a heating or cooling chamber, should
it be desired to measure diffusivity at temperatures
other than room temperature.

The transient recorder further includes a digital mem-
ory device which collects each digitized scan of thermal
data and stores it in a two-state memory device such as
random access memory for storing binary data.

The stored data from transient recorder 24 is trans-
ferred to a microcomputer terminal 26 which in turn
communicates with a mainframe computer 28. The
presently preferred embodiment uses a Digital Equip-
ment Corporation LSI/11 microcomputer terminal
connected to a VAX 11/785 mainframe computer.

In practicing the inventive method in accordance
with the presently preferred embodiment microcoms-
puter 26 triggers laser 10 causing a first radiant energy
pulse to be applied to the first surface or portion 36 of
sample 12. If laser 10 is in the Q-switched mode, the
pulse is approximately 10 nanoseconds in duration. In
the non-Q-switched mode, the pulse is approximately
120 milliseconds in duration. The Q-switched mode
thus produces a larger radiant energy peak intensity
than the non-Q-switched mode. For samples which
require opaque coatings, the lower peak intensity non-
Q-switched mode is preferred.

It has been found that opaque coatings can be dam-
aged when subjected to thermal pulses of intensity
above a certain level. It i1s believed that high intensity
thermal pulses cause ablation, sublimation or other
phase change in the coating as a consequence of rapid or
excessive surface temperature rise. For a graphite film
coating (dgf 123, Miracle Power Products, Inc., Cleve-
land, Ohio) it has been empirically determined that for
a 10 nanosecond (nsec) pulse coating damage will occur
at energy levels above about 0.040 joules, correspond-
ing to a peak laser power exceeding 4 megawatts. More
specifically, Table I sets forth the data from which this
empirical determination has been made.

TABLE 1
Energy (mJ) Peak Power (MW) Damage (Y/N)
40 4 N
70 7 Y
90 9 Y
700 70 Y

Using the above data the front surface temperature
can be calculated using the following equation where L
1s the thickness, T;; is the maximum temperature, a is
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6

the diffusivity, y is the pulse width (10 nsec) and B8 1s a
constant equal to approximately 2. (See Parker refer-
ence cited above.)

SLIm

_ __8LTm (5)
 3BQmy)al

Iy

Assuming a diffusivity a of 1 cm?/sec, which assump-
tion implies a comparatively high thermal conductivity,
and assuming the thickness L to be on the order of 0.2
cm and further assuming the maximum temperature T,
to be 1° C., the maximum front surface temperature
becomes approximately 550° C. for the graphite film
(def 123). Of course, other coatings may have different
maximum temperature ratings which can be empirically
determined or estimated from the above data.

Having selected the proper laser power, microcom-
puter 26 pulses laser 10 on and off preferably at a rate of
approximately 4-60 times per minute. The time between
pulses should be sufficient to allow the thermal pulse to
propagate through the sample from front surface or
portion 36 to rear surface or portion 38 and to allow the
sample to return to ambient temperature. For each pulse
of radiant energy applied to the sample, the infrared
detector collects the thermal response data at the sec-
ond surface or portion 38 of sample 12 and provides a
time varying analog signal to amplifier 22. If desired,
the analog signal can be viewed on oscilliscope 30.
However, it will be recalled that the laser power is
comparatively low, and hence it can be expected that
the analog signal will contain a substantial amount of
random signal and noise.

The analog signal is amplified by amplifier 22 and
normalized with respect to the ambient temperature by
appropriate selection of the battery bias voltage applied
to analog processor 23, so that the thermal response of
the sample to the applied heat pulse can be measured
relative to the ambient temperature baseline. The ampli-
fied data is digitized in the transient recorder into ap-
proximately 1000 data points in a time range from the
laser pulse onset until the maximum temperature is
reached on the order of three to four t; times thereafter.

After the digitized temperature data for a given indi-
vidual pulse has been collected, the data is transferred
to microcomputer 26 where the data is stored as indi-
vidual temperature data points corresponding to each
sample time. Thus if the analog data 1s sampled 1000
times, then 1000 data points are stored for a given ther-
mal pulse. This process is then repeated for the desired
number of scans, with the resulting digitized data being
coadded to the previously stored data in microcoms-
puter 26 for averaging or otherwise statistically manipu-
lating to minimize the effects of random signals and
noise. In the presently preferred embodiment the data
collected from each pulse sequence is coadded and
averaged sequentially with good results. Of course,
other types of statistical processing could be practiced
in place of or in addition to averaging if warranted by
the particular nature of the desired signal vis-a-vis noise.
Preferably greater than 100 scans are taken, with the
data for each scan being stored and processed as de-
scribed above. |

When the desired number of scans has been com-
pleted and the data collected and statistically processed
by averaging or the like, the data in microcomputer 26

~ 1s converted from a binary form to an ASCII form for

transfer to the mainframe computer 28. The mainframe
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computer operates upon this data using a RS/E least
squares curve fitting algorithm in order to fit the data to
the analytical expression:

Ax)=c+H1=2exp(—ax)+2exp(—4ax)) (3)

wheré. (c) is the baseline of the curve, (b) is the aiupli-
tude of the curve and (a) is directly related to the diffu-

sivity (a) by the equation:

a=a(L/m) )

Suitable software for performing the least squares curve

fit algorithm is available for the VAX 11/785 computer
from BBN Software Products Corporation. The least
squares fit algorithm performs a successive number of
iterations by adjusting parameters a, b and ¢ of equation
(3) until the optimal fit 1s achieved. The diffusivity is
then calculated using equation (4) and the result may be
output for display on microcomputer terminal 26. The
display may include the numerically calculated diffusiv-
ity value (a) and may also include a graphical display of
the data superimposed upon the curve determined by
the curve fit algorithm. FIG. § illustrates an exemplary
output curve including the actual data 60 and the super-
imposed curve fit data 70. As will be seen, the curve fit
data matches the actual data quite closely.

Equation (3) comprises the first two terms of an infi-
nite series:

T (6)

T

w e
=142 :_1 — 1" exp(—n*mwiat/L?)
=

where T, 1s the maximum temperature, a is the diffusiv-
ity, n 1s the index, t i1s the time, L is the thickness and T
1s the temperature. If desired, a greater number or fewer
number of terms of this series can be used, with the
greater number providing greater accuracy and the
lesser number providing a lesser accuracy. The number
of terms selected for the curve fit computation is in-
versely related to the computation time required to find
a suitable fit. Using only two terms of the series the
present invention has demonstrated very good resuits
with a resolution on the order of 1/10th of a degree
Centigrade.

While it will be apparent that the invention herein
described 1s well calculated to achieve the benefits and
advantages as hereinabove set forth, it will be appreci-
ated .that the invention is susceptible to modification,
variation and change without departing from the spirit
thereof.

We claim:

1. A method of ascertaining the thermal diffusivity of
a sample comprising:

applying a plurality of discrete temporally-spaced

radiant energy pulses to a first portion of said sam-
ple, each of said radiant energy pulses having a
peak power below the level at which damage to
said sample occurs, each of said radiant energy
pulses causing a discrete temperature rise pulse to
propagate through said sampie to a second portion
of said sample;

sensing said temperature rise pulses at said second

portion and electrically recording said sensed tem-
perature rise pulses as data in a two-state memory
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8

device wherein each discrete temperature rise
pulse corresponds to a discrete datum;

statistically processing said data to derive a set of
favored values indicative of the temperature of said
second portion as a function of time; and

further processing said set of favored values to deter-
mined the thermal diffusivity of said sample.
2. The method of claim 1 wherein said step of statisti-

cally processing said data comprises averaging said
data. |

3. The method of claim 1 wherein said step of further
processing said set of favored values comprises operat-
ing on said favored values using a least squares curve
fitting algorithm.

4. The method of claim 3 wherein said curve fitting
algorithm is selected to fit said set of favored values to
the following equation:

Ax)=c+4&1—2exp(—ax)+2exp(—4ax))

where c is the baseline of a curve defined by said set of
favored values, wherein b is the amplitude of said curve

and wherein a is related to the thermal diffusivity of said

sample. |

5. The method of claim 3 wherein said curve fitting
algorithm is selected to fit said set of favored values to
the following equation:

T

T'm

=142 °§1 — 17 exp(—ntmlat/L2)
n=

where T, is the maximum temperature, a is the diffusiv-
ity, n 1s the index, t is the time, L is the thickness and T
is the temperature.

6. The method of claim 1 wherein said radiant energy
pulses have a peak power below one joule.

7. The method of claim 1 further comprising applying
an opaque coating to said sample prior to said step of
applying a plurality of temporally-spaced radiant en-
ergy pulses and wherein said radiant energy pulses have
a peak power below the level at which damage to said
coating occurs. _

8. An apparatus for ascertaining the thermal diffusiv-
ity of a sample comprising:

a support stand,;

a laser means disposed on said support stand for ap-
plying a plurality of discrete temporally-spaced
radiant energy pulses to a first portion of said sam-
ple, each of said pulses having a peak power below
the level at which damage to said sample occurs,
each of said pulses causing a discrete temperature
rise pulse to propagate through said sample to a
second portion of said sample;

a means for sensing said temperature rise pulses at
said second portion disposed on said support stand;

a means coupled to said sensing means for electrically
recording each of said sensed temperature rise
pulses as data in a two-state memory device
wherein each discrete temperature rise pulse corre-
sponds to a discrete datum;

means coupled to said recording means for statisti-
cally processing said data to derive a set of favored
values indicative of the temperature of said second
portion as a function of time and for further pro-
cessing said set of favored values to determined the

diffusivity of said sample.
* * X kX
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